A B S T R A C T Glucose metabolism and insulin sensitivity of isolated human adipose tissue was studied as a function of adipose cell size and number. Glucose metabolism by these tissues was closely related to the number of cells in the fragment, irrespective of cell size. Adipose cells of obese individuals metabolized glucose to carbon dioxide and triglyceride at rates similar to adipose cells of nonobese subjects. In contrast, insulin responsiveness of adipose tissue was dependent upon adipose cell size. The larger its adipose cells the less insulin sensitive was the tissue. Thus, adipose tissue of obese subjects, with enlarged cells, showed a diminished response to insulin. After weight loss and reduction in adipose cell size, insulin sensitivity of the adipose tissue of obese patients was restored to normal. When adipose tissue of obese individuals showed impaired responsiveness to insulin, their plasma insulin levels, after oral glucose, were elevated. Weight loss and reduction in adipose cell size restored plasma insulin concentration to normal, concomitant with the return of normal tissue insulin sensitivity.
INTRODUCTION
Glucose intolerance is often observed in obese individuals without clinically manifest diabetes mellitus. Furthermore, excessive increase in plasma insulin after glucose ingestion has been well documented in obese patients in the presence or absence of decreased glucose tolerance (1) (2) (3) . It has been postulated that "insulin resistance" of the peripheral tissues of the obese subject is responsible for these abnormalities of glucose and insulin metabolism (4-6).-Such studies, however, afford little or no information as to which tissues may be "resistant" to the effect of insulin and what the nature of the tissue abnormality may be.
It is tempting to postulate that the characteristic abnormality of the obese individual, the excessive size of the adipose depot, plays an important role in the carbohydrate intolerance of obesity. The observation that weight loss and reduction in the size of this depot can restore glucose tolerance to normal (7) may support this concept. Consequently, the role of adipose tissue, particularly adipose depot size, in the carbohydrate intolerance of obesity was examined.
Techniques are now available for sampling adipose tissue from various depots in man by needle aspiration (8) , for in vitro measurement of the metabolic activity of these tissue samples and their sensitivity to insulin, and for determination of adipose cell number and size (9) . Development of these methods has made possible a detailed study of human adipose tissue in relation to the metabolic abnormalities described above.
In the present study these techniques have been used to examine glucose metabolism and insulin responsiveness of adipose tissue of obese and nonobese subjects. These studies indicate that the cellularity of the tissue sample is of prime imThe Journal of Clinical Investigation Volume 47 1968 Table I . These patients were placed on a formula diet consisting of 15% protein, 45% carbohydrate, and 40% fat, with daily supplements of iodized salt, iron, and vitamins, and studied during three dietary periods. During an initial 6 wk period of hospitalization, sufficient calories were provided to maintain constant body weight (Period I). This was followed by a 4 month period of restriction of caloric intake to 600 cal/day and weight reduction (Period II). During this time, the protein content of the formula was increased to 20%. Finally, an 8 wk period 1 We are indebted to the Department of Pediatrics, New York Hospital, Cornell Medical Center, for provi(lilsg the opportunity to study these children.
of weight maintenance, but at a lower and more nearly normal weight, followed (Period III).
Adipose tissue sampling
Adipose tissue samples were obtained in all patients from the subcutaneous tissue of the buttock by the method of needle aspiration (8) . In the obese patients, adipose tissue was studied weekly during each of the three dietary periods. No studies were performed during Period III until 1 wk after the reinstitution of weight maintenance. In four patients, studies were carried out from 6 to 24 months after weight reduction.
Sufficient quantities of tissue were obtained for both the metabolic studies and the determination of the number and size of adipose cells in the tissue. The tissue fragments were immediately placed in bicarbonate buffer, kept at 370C under 95%o 02 :5%o C02 in a thermos flask, and subsequently washed with large amounts of warm buffer to remove adherent oil droplets and blood.
Incubation of tissue
Individual fragments of adipose tissue were placed into 30-ml plastic flasks containing 2 ml of Krebs-Ringer bicarbonate buffer, pH 7.4, at 370C, with or without insulin 2 at 1000 uU/ml, to which were added glucose (1 mg/ml), AU/ml, to which were added glucose (1 mg/ml), gelatin (2 mg/nil), and a tracer amount of glucose-1-"C.3
The flasks were each capped with a rubber stopper to which was attached a small glass cup which hung suspel(le(l in the flask. The tissue was equilibrated with 95% 02: 5% CO-for 5 min and incubated for 4 hr at 370C, with gentle shaking. Roughly equivalent amounts of tissue fragments were distributed randomly in all flasks, except that very small adipose shreds (less than 1 mg in wet weight) were discarded (10) . A total of 10-20 mg of tissue was placed in each flask.
At the end of the incubation period, 1½ § ml of Hyamine hydroxide was injected through the rubber stopper into the glass cup suspended in the flask, 1 ml of 6 N H2SO4 was introduced into the medium, and "CO2 was collected in Hyamine during an additional 1 hr of shaking. 4 The adipose tissue in the flask was thoroughly washed in saline to remove adsorbed isotope, transferred into 20 ml of isopropanol: heptane: 1 N sulfuric acid (4: 1: 0.1), and the total lipid was extracted overnight (11) . After the addition of water and heptane, aliquots were taken from the heptane upper phase for lipid determination by measurement of carboxyl ester bonds (12) The effect of insulin upon the rate of glucose-1-14C incorporation into C02 was expressed as the percentage increase in the rate of incorporationi of glucose carbon into these metabolic parameters and was calculated as follows:
(6ug glucose -* C02) insulin-(Msgglucose C02) no insulin (Mg glucose C02) no insulin X 100 = 7 increase.
The same calculations were made for insulin effect upon glucose incorporation into tissue triglyceride.
Statistical analyses
The rate of incorporation of glucose carbon into C02 and triglyceride, and the effect of insulin upon these metabolic parameters were calculated as above for each individual subj ect. For the sake of clarity of presentation, however, individual data were averaged into groups, i.e., children, nonobese adults, and obese adults (Periods I, II, and III). To determine if the treatment of the data in this manier allowed for a fair and meaningful comparison of the metabolism of the adipose tissues of these groups of patients, the following statistical evaluation of the data was performed. The data were normalized by logarithmic transformation, and a two-way analysis of variance was performed (15) tivity was expressed per unit of lipid, the various metabolic functions proceeded at significantly different rates in these tissues. When activity was expressed per cell, these observed differences disal)peared, and tissues with cells of widely different sizes metabolized glucose at similar rates per cell.
In contrast, the insulin responsiveness -of the tissue was found to be closely related to the size of the adipose cells in the tissue fragment (Fig. 3) .
The larger the mean cell size in a tissue sample, the less responsive it was to insulin. Thus, the cellular characteristics of the tissue are of considerable metabolic importance, and all data are expressed on a per cell basis. (Table II) . In the obese patients, weight loss was associated with a significant reduction in cell size, even though some patients remained overweight. The mean rates of incorporation of carbon from glucose-1-_4C into CO2 and triglyceride by adipose cells of children, adults of average body weight, and obese patients were not significantly different (Table 3) .
During weight reduction (Period II) the adipose cells of obese patients showed a decrease in all metabolic parameters, and the rate of oxidation of glucose-1-'4C to CO2 was' significantly diminished. Adipose cells of reduced obese patients (Period III) oxidized significantly less glucose to CO2 (66 + 12) when compared to prereduction (102 + 10) and nonobese rates (88 +9). However, the rate of incorporation of glucose carbon into triglyceride returned to normal after weight reduction (166 + 13 vs. 155 ± 15).
In four patients, adipose tissue was obtained for metabolic studies 6-24 months after cessation of weight reduction (Table III) . Weight had been maintained within 5 kg, and cell size remained reduced in all patients. Glucose-1-14C oxidation to CO, continued to be below prereduction levels. Significant P values (P < 0.05): C02, children and nonobese vs. obese 11 and Ill, and 6-24 months postreduction.
Obese I vs. obese II and III and 6-24 months postreduction. T.G., children and nonobese vs. obese Il.
No statistically significant differences between other groups (P > 0.05). Incorporation of glucose into triglyceride, however, returned to prereduction levels.
Considerable variability was found in the rate of glucose oxidation to CO2 and incorporation into tissue lipid by the adipose tissue of these subjects.
The results of the analysis of variance, shown in Table IV All values represent the mean ± SEM of the means of triplicate determinations for individuals within that group. Significance levels were calculated by Student's t test.
Significant P values (P < 0.05): C02, children and nonobese adults vs. obese I and II; obese I and II vs. obese I I I; obese III vs. nonobese adults.
No statistically significant differences between other groups for glucose oxidation (P > 0.05).
* Indicates a statistically significant stimulatory effect of insulin (P < 0.05).
of these individuals was significantly more responsive to insulin than it was during the markedly obese period (I = 50%o; III = 152%o), and was similar to the 151% response of adipose tissue of normal children and the 113% response of the adipose tissue of nonobese adults. The insulin response of adipose tissue from four patients studied 6-24 months after weight reduction remained in the same range as that observed during Period III and that of nonobese subjects (Table V) As indicated in Fig. 5 , there is an inverse rela"-tionship between cell size and insulin responsiveness in the free cell preparations, identical with that found in intact human tissue shreds; i.e., the FIGURE 6 Glucose tolerance and plasma insulin response to oral glucose of obese subjects before and after weight reduction. 1 mug insulin = 25 uU.
larger the adipose cell, the less sensitive it is to the effect of insulin.
E. Blood glucose and plasma insulin Blood glucose and plasma immunoreactive insulin levels of the five obese patients in response to oral glucose are shown in Fig. 6 . Glucose tolerance to a glucose load based on lean body mass plus 15 % was not impaired in these obese patients, according to the criteria of Conn and Fajans (18) . Lower blood glucose concentrations, however, were noted after weight reduction.
In each obese patient, the plasma insulin response to glucose was greater than normal. After weight reduction, at each hour after glucose administration, the levels of insulin in -all patients were significantly lower than the prereduction levels (P < 0.01). Fasting levels of insulin were significantly illcrease(l in only two of the five obese patients, when compared with-nonobese inlividuals; furthermore, there was no significant change in the fasting plasma insulin concentrations of the obese patients as a group after weight reduction.
The plasma insulin response to oral glucose in nonobese individuals and the five obese patients, before and after weight loss, is shown in relation to the insulin responsiveness of the adipose tissue of these subjects in Fig. 7 . A significant negative correlation (r = -0.60) between the sensitivity of adipose tissue to insulin, in vitro, and the level of plasma insulin was found. When the adipose tissue of the obese patients showed a diminished response to insulin, in vitro, plasma insulin response to glucose was three times greater than that of nonobese individuals. When the obese patients lost weight and their cell size was reduced, plasma insulin levels returned to "normal" at the same time that adipose tissue became normally sensitive to insulin, in vitro. Similar data for two reduced obese subjects studied 6 months after weight reduction are also shown in this figure.
DISCUSSION
The present investigation has made use of several recently developed techniques to examine some specific aspects of glucose metabolism and insulin sensitivity of adipose tissue in obese and nonobese subjects. By examining tissue from children, nonobese adults, and obese individuals before and after weight loss, these methods provided an opportunity to study human adipose tissue metabolism as a function of adipose cell size and number. Furthermore, in vitro studies of glucose metabolism and insulin sensitivity of human adiopse tissue were correlated with in vivo measurement of glucose tolerance and plasma insulin levels. Considerable variability in the metabolic activity of human adipose tissue was found. In spite of the variability between patients, the in vitro methods employed in this study were sufficiently sensitive to detect small differences in glucose metabolism by adipose tissue of nonobese and obese individuals. There was no greater than a 20%o difference in the mean rate of glucose carbon incorporation into tissue triglyceride and 40%o in the mean rate of glucose oxidation to CO2 in the tissues of these patients. A smaller difference in these metabolic functions between adipose tissue of nonobese and obese subjects could not have been detected by these methods. Within these limits of sensitivity, the methods described above led to the following general observations.
Glucose (19, 20) or animals (21-23) have been reported could profitably be reexamined in terms of the cellularity of the tissue.
In contrast to noninsulin-stimulated glucose metabolism which is dependent upon the number of adipose cells in the tissue, adipose sensitivity to insulin, as measured by its effect upon the rate of glucose oxidation to CO2, was closely related to the size of the adipose cells in the tissue sample. The small adipose cells of children were the most responsive to insulin, -while the enlarged cells of obese patients showed a diminished insulin response compared to nonobese adults and children.
Moreover, after weight loss and consequent reduction in adipose cell size (0.5180 jug TG/cell), the adipose tissue of reduced obese individuals became "'normally" sensitive to insulin.
These findings differ from those of other studies in which adipose cell metabolism has been examined. Bj(irnitorp (24) has reported that adipose cells of obese nondiabetic subjects incorporated more glucose into CO2 and lipid than cells of nonobese subjects. Measurements Bj6rntorp also found no differences in the insulin sensitivity of adipose cells of obese and nonobese individuals. Tissue fragments were incubated in the presence of 10,000 MU of insulin/ml, a level which may be sufficient to overcome cellular "resistance" and thus prevent the demonstration of differences in tissue sensitivity apparent when smaller amounts of insulin are used. It is likely, therefore, that the discrepancy in the results of Bjorntorp and those of the present study reflect differences in methodology.
Tucker and coworkers (27) reported that the effect of insulin upon the glucose uptake of parametrial adipose tissue of rats made obese by lesions of the ventro-medial hypothalamic nuclei was similar to that of adipose tissue from control rats, when activity was expressed per unit of tissue DNA or nitrogen. However, these studies were performed upon tissue from animals fasted for 20 hr, a manipulation known to decrease the insulin response of adipose tissue in vitro. Indeed, a relatively small insulin effect upon glucose uptake in all animals was reported by Tucker, suggesting that the ability of these adipose tissues to respond to insulin was blunted by starvation. Thus, comparison of tissue responsiveness to the hormone may be less meaningful.
The demonstration of an impairment in the action of insulin upon the glucose metabolism of adipose tissue of obese subjects provides direct evidence of insulin "resistance" in a specific tissue. The mechanisms responsible for diminished insulin sensitivity of this tissue in obese subjects are not known. Interference with the action of insulin upon glucose metabolism in adipose tissue could result from the presence of circulating antagonists to insulin (28) , or from an abnormal tissue responsiveness to the form in which insulin circulates (29) (30) (31) . However, these do not explain the observations of the present study. The synalbumin antagonist does not interfere with the action of insulin upon adipose tissue (32, 33) and it has been postulated that adipose tissue dissociates inactive "complexed" insulin to active "free" insulin. Furthermore, in the present investigation, adipose tissue was isolated from the organism and its circulation. It remains possible, however, that some other insulin "antagonist" was bound to the cell and not removed by repeated washing. It seems more probable that the impaired response of the adipose tissue of obese patients to insulin was related to a primary tissue defect (3, 34, 35) . With weight loss and consequent reduction of adipose cell size, tissue sensitivity returned to "normal."
This observation may provide a clue into the nature of the tissue defect, i.e., the size of the adipose cell may be involved in this phenomenlnon. It is of interest that Di Girolamo and Rudman (36) have recently demonstrated that the adipose tissue of large, old rats became more sensitive to insulin, in vitro, after weight reduction, suggesting that similar relationships may be operating in adipose tissue of the rat subjected to weight reduction. The observation that the larger the adipose cell the less responsive the tissue to insulin may indicate that the amount of lipid within the cell may influence its metabolic efficiency and its responsiveness to insulin. "Stuffing" the cell with lipid may cause distortion of the cell membrane, resulting in a change in some receptor site(s) with which insulin interacts, or a change in some membrane constituent, such as adenyl cyclase, which may be involved in the mediation of the intracellular actions of insulin (37) . On the other hand, the rate of insulin degradation by the tissue could be excessive because of the presence of an enzyme system in the enlarged adipose cell. Rudman and coworkers (38) , working with rat adipose tissue, have reported the presence of an insoluble enzyme system, characterized as a dipeptidase, which degrades insulin. The large amount of insulin present in the incubation media would seem to exclude this possibility in the present studies.
The findings that the state of insulin responsiveness of adipose tissue observed in vitro is reflected in the plasma insulin response to glucose observed in vivo suggests that this tissue may play a role in the abnormalities of glucose and insulin metabolism of obesity. When the adipose tissue of obese patients showed a diminished response to insulin, in vitro, plasma insulin response to oral glucose was excessive. Furthermore, when these obese patients lost weight and their cell size was reduced, plasma insulin levels returned to normal as adipose tissue insulin sensitivity was restored. Thus, it is possible that in these obese subjects, in response to a glucose load, an increased amount of insulin is required to overcome the "resistance" to insulin-stimulated glucose metabolism in their adipose tissue. When adipose tissue becomes "normally" sensitive to insulin, the need for increased levels of the hormone is eliminated. The mechanism by which resistance of the adipose tissue to the action of insulin leads to impairment of glucose tolerance and excessive plasma insulin response to glucose caln onily be speculated uplon at this timie. The 
